Consideration of manipulator dynamics and external disturbances in robot control system design can enhance the stability and performance properties of the whole system. In this paper, we present an approach to solve the control problem when the inertia parameters of robot are unknown, and at the same time robot is subjected to external force disturbances. This approach is based on simultaneous estimation of force signal and inertia parameters and utilizing them in the control law. The update laws and the control law are derived based on a single time-varying Lyapunov function, so that the global convergence of the tracking error is ensured. A theorem with a detailed proof is presented to guarantee the global uniform asymptotic stability of the whole system. Some simulations are made for a number of external forces to illustrate the effectiveness of the proposed approach.
Introduction
Environmental forces are exerted on the system in many robotic tasks. In some robotic applications such as deburring, grinding and precise assembly, it is required that endeffector contacts with environment and maintains this contact [1] . Also, in robotic assembly for odd form electronic components, the success of work severely depends on the ability to monitor and control the insertion force. Component misinsertion can be detected based on the reaction force [2] . For correct use of robot in such cases, force must be considered in control system. This force may be act as a disturbance in some applications. For example, the unexpected external force to a mobile manipulator makes its motion unstable since there are no fixed points in stationary coordinates [3] .
For force compensation, one way is to use force sensor to measure the force and then use the measured value in the controller. However, the typical price of force sensor is high. In addition, when manipulator is affected by environment uncertainties such as high temperature and large noise, force sensor cannot be mounted on the robot [4] . On the other hand, even for the cases that force sensor can be used easily, mounting the sensor on robot makes the structure of manipulator complicated [5] . On the other hand, accuracy of robot control approaches in high-speed operations is greatly affected by the parameter uncertainty [6] . To deal with uncertainties in robot control systems, various methods have been proposed such as [7] - [10] . In our previous work [11] , we proposed an approach to reject external force disturbance in robotic arms without use of any force sensor. Although [11] has a high performance, it requires accurate robot modelling; therefore, the modelling uncertainties may result in the force estimation error.
In this paper, we consider the case that the robot dynamics have unknown parameters and at the same time robot is subjected to the external forces (both forces and torques) disturbances. We propose an approach in which uncertain parameters vector and external force vector are simultaneously estimated, and then both are utilized in the control law. Applying the estimated forces to the control law is intended to reject the force disturbances. Lyapunov analysis of non-autonomous systems and invariant set theorems are used for stability analysis and proving the global convergence of tracking and estimation errors. Due to the global convergence, all of the estimated variables may initially set to any arbitrary values such as zero or nominal values. Also, this approach contains the following advantages. Measurement or computation of the joint accelerations and considering the inertia matrix as a constant diagonal matrix are not required (advantage over some algorithms such as the algorithm of [1] ). The system is stable and there is no need to assume that joint reference position, velocity and acceleration are bounded (advantage over some adaptive algorithms such as the algorithm of [12] ). The proposed approach is adaptive, thus, the accuracy of system improves with time (because the adaptation mechanism keeps extracting parameter information from tracking errors). Adaptive control is based on feedback of signals in a controlled system for control adaptation to effectively handle system uncertainties [13] , [14] .
In addition to overcoming the drawbacks of using force sensors, an advantage of the proposed approach is the capability of computation and compensation for the forces and moments exerted on links in addition to those exerted on end-effector. For instance, in an underwater vehiclemanipulator system (UVMS) underwater flows exert forces on links.
Organization of the paper is as follows. The proposed 
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Manipulator Modelling
The motion equations of a mechanical system in local joint coordinates, q, in the presence of forces arising from (i) the earth's gravitational potential, g, (ii) independently controlled torque joint, τ, and (iii) an external force exerted on the system, F ext , take the form:
In (1), M(q) and V m (q,q) are the standard inertial and Coriolis matrices, respectively, and J(q) is the kinematic Jacobian including the Jacobians of end-effector and all links that external forces are exerted on them.
One of the properties of the motion Eq. (1) is that they are linearly parameterizable. Linear parameterization property means that the left hand side of (1) can be demonstrated as a multiplication of a matrix of given functions of q and its higher order derivatives by a vector of parameters such as masses, moments of inertia, etc. In other words, each of the equations can be written as a linear combination of specified functions, or in matrix form [15] 
In (2), θ is the m × 1 parameters vector and Y 1 is the n × m regression matrix for an n-link manipulator with certain functions as its components. Due to linear parameterization of the motion equations, the term M(q)ν+V m (q,q)ν+G(q) is linearly parameterizable as
for any arbitrary ν andν. If the unknown parameter vector θ has the estimated valueθ, (3) can be modified aŝ
It is worth to mention that the identification problems are simplified significantly if the models are linear in the parameters [16] .
In this paper, manipulators are assumed to be fully actuated, i.e., each mechanical degree of freedom corresponds to one individual control input.
Proposed System and Its Properties
Define the parameter and force estimation errors asθ = θ −θ andf = F ext −f , respectively, wheref is the estimation of F ext . Also, define the trajectory tracking error as e(t) = q d (t)−q(t), where q d (t) is a given twice differentiable desired trajectory in the joint space. Now, define
where Λ is a positive definite (pd) matrix possibly diagonal.
To derive the adaptation and the control laws, which establish a stable control system with suitable performance and correct estimation of force and parameters, the following lemma and theorem are presented and proved.
Lemma:
where µ 1 and µ 2 are positive scalars and I is the identity matrix, and
Thus
That is V is between two pd functions that are not explicit function of t. On the other hand, V(0, t) = 0, as a result, according to the definitions of [17, p.106 ] V is a pd and decrescent function. b) Based on (7) and assumption of this part,
In other word,
where A = B 0 0 1 2 µ 1 I is a pd matrix and I is the identity matrix. Therefore, the term x T Ax is radially unbounded, thus, based on (9) V is also radially unbounded. 
T (q,q, ν,ν)r where Λ, K, K f and K θ are constant symmetric positive definite matrices such that ΛK = KΛ, and v is defined in (5). Then, a) the tracking error goes asymptotically to zero, the force and the parameter estimation errors are bounded, and the whole system is uniformly stable, b) moreover, if there exist positive constants β 1 , β 2 , and T such that for all t 0 ≥ 0 satisfying
, then the force and parameter estimation errors converge to zero and the whole system is also globally uniformly asymptotically stable.
Proof: See the Appendix.
Remark 1:
It may seem that Z is landscape and as a result is not a full column rank matrix. However, it must be considered that Z is time-varying. For example, Z = [sin t, cos t] is landscape, but its columns are independent of each other. Thus, it is not required that the dimension of the system be more than the number of uncertain parameters for becoming the rows of Z more than its columns.
Remark 2: We notice that θ is a constant vector for any given robot, so the parameter update law can be rewritten aṡ
Also, if external force is a constant vector, the force estimation law can be expressed aṡ
Remark 3: The magnitude of K θ , K f and Λ do not affect the uniform stability of the system (while unmodeled dynamics are not excited and computation errors are negligible), however, they directly determine the speed of adaptation, and therefore the transient behavior of the system.
Remark 4:
The conditions similar to that of part (b) that lead to estimation convergence are known as persistency of excitation (PE) conditions. Some proofs concerning to such conditions for adaptive manipulator controllers have been presented based on [18] . It is worth to mention that since the state equations (A· 4) and (A· 5) are nonlinear and time varying, one cannot utilize [18] directly to prove the estimation convergence.
Remark 5: In force control of robot without force sensor, estimation of force signals rather than the total disturbance is necessary. Since the proposed scheme has the capability of separated force and parameter estimation, modifying it to derive a force control scheme (in the presence of parametric uncertainty) seems to be possible and suitable.
Remark 6: The PE condition given in part (b) of the theorem states that if Z d (.) varies sufficiently over the interval given by T so that the entire (m+p) dimensional force and parameter space is spanned, we know the force and parameter estimation errors converge to zero. Since Z is a function of q, this leads to a condition on the desired trajectory such that the force vector will be identified after a sufficient learning interval. This condition will be helpful in formulating desired trajectories to ensure that the estimated forces and parameters converge to the true values. Z is in term of J and Y, hence, Z depends on configuration and also geometry of robot. In singular points, the rank of J is decreased and the PE condition of the theorem may be not satisfied. This possible problem can be removed by planning the trajectories such that they don't pass from or near of singular points.
Simulation
In this section, simulation results carried out on a two degrees of freedom planar type robot manipulator depicted in Fig. 2 , are presented. These simulations confirm the analytical issues of Sect. 2 and illustrate the efficiency of the proposed force and parameter estimation based controller.
The motion equations of the manipulator in Fig. 2 can be written as (12) where
M(q), V(q,q), G(q) and J(q) are given by [15]
The robot parameters are T (rad/s). Suppose F ext is the unknown force exerted on the end-effector with the actual value of [50, 10] T . Consider the control system parameters as K = 15I 2 , K f = 0.001I 2 , K θ = diag(0.9, 0.125), and Λ = 2I 2 , where I 2 is the 2 × 2 identity matrix. Suppose the link masses m 1 and m 2 are unknown, hence, the actual θ is [m 1 
T . At first, we study the effects of eliminating the force compensation part of the control law. We remove the force measurement and then observe the corresponding results depicted in Fig. 3 . It is seen that the tracking performance of the robot control system is poor and the estimated parameters not only do not converge to any fixed value (note that inertia parameters of a robot are constant) but also they have sever fluctuations. If a force sensor is available only the estimation of inertia parameters is required. The simulation results of this case are illustrated in Fig. 4 . The parameters converge to their actual values, and the position and velocity tracking errors converge to zero. Figure 4 exhibits that after about four seconds the variations in tracking errors and estimated parameters have been stabilized. Now, we show that when inertia parameters are unknown and no force sensor is available, the proposed ap- proach can compensate for the force disturbances. At first, we consider step external force [50, 10] T . As Fig. 5 shows the associated results, parameters and external force are satisfactorily estimated by the parameter and the force estimators. Also, tracking error is satisfactory in the sense of fast convergence, small overshoot and good steady-state performance. Compare to the force sensor based case (Fig. 4) , joint torques have nearly the same magnitude, and convergence speeds of tracking and estimation have been increased.
To show the effectiveness of the proposed approach in 
the presence of time-varying external forces, some simulations are done for a square and a sinusoidal force. Figure 6 and Fig. 7 show that the force estimator follows the timevarying forces faithfully. In Fig. 6 , we see that in the edges of the square force, the tracking error has very small peaks, contrary to Fig. 7 that no peak in the steady state of tracking error is observed for sinusoidal force.
Joint torque magnitudes are admissible in all of the presented simulations. These results indicate that the proposed adaptive approach is effective in control and satisfactory in estimation.
Conclusions
The design of an adaptive robot controller in the presence of parameter uncertainty and external force (both force and moment) disturbances has been presented in this paper. The proposed controller requires no measurement of forces, moments and accelerations. Two estimators and a control law construct the controller. The two estimators are considered to estimate the inertia parameters of robot and the external force applied to robot. The control effort is adjusted by the estimated force signal and the estimated parameters. It is not necessary to specify the direction of force vector, since force vector rather than its magnitude is estimated. Regarded to the presented theorem in Sect. 2, uniform and uniform asymptotic stability of the closed loop system is ensured. A single time-varying Lyapunov function is utilized to analyze the stability of the whole system (including the two estimators).
Presented simulations exhibit that the performance of the control system with force (force/torque) estimation is as good as its performance with force (force/torque) measurement. Also, it is not necessary to select very large gains to make the tracking error converge to zero, therefore, lower power actuators are needed. The proposed control system can be easily realized as a good and uncomplicated solution for the situations having problems in employing force/torque sensor, even in the case of unknown parameters.
It is known from (5) thatq = ν − r andq =ν −ṙ, therefore (A· 1) gives
which regarded to (3) becomes
According to (5), (A· 3) and the update laws, we have
Replacing r in terms of e andė according to (5) yields
where According to (5),q = ν − r, so we havė 
